ABSTRACT Reticulocytes, the precursors of erythrocytes, undergo drastic alterations in cell size, shape, and deformability during maturation. Experimental evidence suggests that young reticulocytes are stiffer and less stable than their mature counterparts; however, the underlying mechanism is yet to be fully understood. Here, we develop a coarse-grained moleculardynamics reticulocyte membrane model to elucidate how the membrane structure of reticulocytes contributes to their particular biomechanical properties and pathogenesis in blood diseases. First, we show that the extended cytoskeleton in the reticulocyte membrane is responsible for its increased shear modulus. Subsequently, we quantify the effect of weakened cytoskeleton on the stiffness and stability of reticulocytes, via which we demonstrate that the extended cytoskeleton along with reduced cytoskeleton connectivity leads to the seeming paradox that reticulocytes are stiffer and less stable than the mature erythrocytes. Our simulation results also suggest that membrane budding and the consequent vesiculation of reticulocytes can occur independently of the endocytosis-exocytosis pathway, and thus, it may serve as an additional means of removing unwanted membrane proteins from reticulocytes. Finally, we find that membrane budding is exacerbated when the cohesion between the lipid bilayer and the cytoskeleton is compromised, which is in accord with the clinical observations that erythrocytes start shedding membrane surface at the reticulocyte stage in hereditary spherocytosis. Taken together, our results quantify the stiffness and stability change of reticulocytes during their maturation and provide, to our knowledge, new insights into the pathogenesis of hereditary spherocytosis and malaria.
INTRODUCTION
Human erythrocytes (red blood cells (RBCs)) are produced through erythropoiesis, in which hematopoietic stem cells derived in the bone marrow gradually transition to erythrocytes via a series of differentiations (1, 2) . In the late stage of differentiation, normoblasts expel nucleus and form stiff, multilobular reticulocytes. Young reticulocytes are confined to the bone marrow for 24 h before their egress to circulation, where they mature to erythrocytes after an additional 24 h (3). During maturation, reticulocytes expel unwanted membrane proteins such as transferrin receptor (CD71), CD98, and integrin a4b1 via releasing small vesicles called exosomes (4) (5) (6) (7) . Exosome secretion contributes to the cell surface decrease and shape transition from multilobular to biconcave (8) (9) (10) . In addition to the striking morphological change, the deformability and stability of reticulocytes increase as they mature (11) (12) (13) . Maturing reticulocytes have been classified into different stages based on their morphology and membrane shear moduli (14) . Enucleation of late-stage erythroblasts generates nascent reticulocytes, which are motile, multilobulated cells (R1 stage). As reticulocytes mature, they lose motility and transform into asymmetrical deep-dish-shaped cells with a refractile ring and visible granules (R2 stage). During the subsequent maturation, the visible granules inside the reticulocytes disappear (R3 stage). Eventually, these deep-dish-shaped cells assume a biconcave shape. The shear modulus measured from the reticulocytes at different stages of maturation shows that the value of the shear modulus decreases from 11.4 mN/m (R1 stage) to 8.6 mN/m (R2 stage) and to 6.1 mN/m (R3 stage) (13) . It is noted that the shear modulus of latestage reticulocytes (R3) is similar to the shear modulus of 3.7 5 2.3 mN/m for mature RBCs (15) . Although reticulocytes at the R1 and R2 stages are stiffer than erythrocytes, they are less stable, as reticulocytes break into fragments in the micropipette and ektacytometry experiments (11) . Furthermore, membrane budding and subsequent microvesiculation were observed at the late stages of reticulocyte maturation (16) , confirming the previous finding on the instability of the cell membrane. More importantly, shedding cell surface proteins via membrane budding provides an alternative pathway for removing nonessential membrane integral proteins from reticulocytes and thus could be a part of the reticulocyte maturation process. Recent experimental evidence suggested that membrane budding and microvesiculation were expedited in the reticulocytes infected with Plasmodium vivax (17) , indicating that P. vivax can exacerbate the membrane instability.
In contrast to the biconcave shape of mature erythrocytes, the multilobular appearance of reticulocytes undoubtedly contributes to their greater stiffness. Additionally, Chasis et al. (18) speculated that the stiffness and instability of reticulocytes may result from the structure of cell membrane. Reticulocytes possess larger surface area than that of mature erythrocytes (9, 10) , and thus, the cytoskeleton underneath the lipid bilayer could be under extension, leading to increased membrane stiffness. On the other hand, the instability of reticulocytes may originate from the temporal difference on the synthesis and expression of the cytoskeletal proteins. Prior studies showed that the components of the membrane cytoskeleton were assembled at different stages of maturation (11, (19) (20) (21) (22) (23) . For example, the synthesis of spectrin tetramer was already completed at the reticulocyte stage, whereas protein 4.1 and glycophorin C were still being synthesized. Protein 4.1 and glycophorin C are essential for maintaining the integrity of the erythrocyte membrane. Glycophorin C is responsible for tethering the cytoskeletal network to the lipid bilayer via additional binding proteins, such as protein 4.1 and adducin (24) . Protein 4.1 consolidates the association between the spectrin tetramers and actin junctions (25, 26) . Hence, the absence of either protein 4.1 or glycophorin C could result in a weak cohesion between the lipid bilayer and cytoskeleton (27) .
Reticulocytes only account for 1% of the erythrocyte population in blood under physiological conditions and thus play little role in gaseous exchange or nutrient transport. However, the reticulocytes can occupy more than 10% of the erythrocyte population in case of severe hemolytic anemia, such as in sickle cell anemia, hereditary spherocytosis (HS), and hereditary elliptocytosis (28, 29) . In addition, the particular biochemical and biomechanical properties of reticulocytes are related to the pathogenesis of several blood diseases. For example, sickle reticulocytes assume a multispiculated appearance after deoxygenation, and they are more adhesive than the mature sickle erythrocytes (30) (31) (32) . Defective erythrocytes in HS tend to shed surface area at the reticulocyte stage (10) . Malaria parasites P. vivax and Plasmodium falciparum both prefer young reticulocytes for infection (17, (33) (34) (35) (36) , which may result not only from the presence of specific receptors on the reticulocyte membrane (37, 38) but also from the particular morphology and biophysical properties of reticulocytes. Therefore, understanding the membrane structure of reticulocytes and the consequent biomechanical properties can provide new insights into the pathophysiology of blood diseases. Although reticulocyte membrane remodeling during maturation has been studied extensively (11, 26, (39) (40) (41) , the structural change of the membrane cytoskeleton during remodeling is still not fully understood. In addition, specific protein-protein associations were examined in the immature and mature erythrocyte membrane, through which significant distinctions were discovered at the actin junction complexes (26) , but the means by which these altered protein interactions lead to the stiffer but less-stable reticulocytes has yet to be dissected in detail.
In this work, we develop a coarse-grained moleculardynamics (CGMD) reticulocyte membrane model to examine the molecular basis for the particular biomechanical properties of reticulocytes and investigate the mechanisms causing the increased stiffness but decreased stability of reticulocytes. The reticulocyte membrane model is constructed based on recent atomic force microscopy (AFM) imaging on the cytoplasmic surface of the reticulocyte membrane (15) as well as prior studies of protein expression and association in the reticulocyte membrane (26) . The applied CGMD membrane model can represent the observed reticulocyte cytoskeletal structure from AFM and evaluate the corresponding shear modulus. The computed shear moduli are validated and compared with the micropipette measurements of immature reticulocytes and mature RBCs. Then, we use the validated reticulocyte membrane model to study the instability of the reticulocytes and explore how the membrane instability contributes to the vesiculation of reticulocytes in HS.
MATERIALS AND METHODS

Micropipette aspiration experiment for measuring shear modulus
The membrane stiffness of immature reticulocytes and mature RBCs is measured through the method of micropipette aspiration in (42) . Immature reticulocytes and mature RBCs from the cord blood are sorted based on the surface expression of CD71 using a magentic purification procedure. CD71 is a reliable marker for immature reticulocytes (CD71 þ : immature reticulocytes and CD71 -: mature RBCs) (13, 43, 44) . Blood smears stained with methylene blue show a reticular staining pattern, indicating the presence of residual RNA in the CD71 þ samples, but not in the CD71 -samples (see Fig. 1, A and B) . Immediately after purification, the CD71 þ reticulo-2.53 mm (see Fig. 1 C) . The mature RBCs (CD71 -) are also measured using the same micropipette (see Fig. 1 D) . It is noted that the morphology of reticulocytes under micropipette experiments is different from that reported in (13, 45) , which most likely reflects their differences in the maturation stage. As shown in Fig. 1 E, a remarkable decrease in shear modulus is recorded after reticulocytes mature. Precisely, a shear modulus of m ¼ 11 5 4.3 mN/m is measured for the immature reticulocytes, whereas the shear modulus decreases to 3.7 5 2.3 mN/m for mature RBCs. The larger deviation of the measurements on immature reticulocytes implies the significant heterogeneity in the maturation stage of the immature population.
Reticulocyte membrane model
In this section, we briefly review the two-component CGMD RBC membrane model and illustrate how we implement this model to construct the reticulocyte membrane model. Distinguished from the previously developed RBC membrane and RBC models (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) , the applied membrane model represents the lipid bilayer and cytoskeleton as well as the transmembrane proteins explicitly by coarse-grained (CG) particles, allowing simulations of protein alterations or defects in the membrane of diseased RBCs (56) (57) (58) (59) (60) . The cytoskeleton of the membrane consists of spectrin filaments connected at the actin junctional complexes, forming a hexagonal network, as shown in Fig. 2 A. The actin junctional complexes are represented by white particles, and they are connected to the lipid bilayer via glycophorin. Spectrin is a protein tetramer formed by head-to-head association of two identical heterodimers. Each heterodimer consists of an a-chain with 22 triple-helical segments and a b-chain with 17 triple-helical segments. Therefore, it is represented by 39 spectrin particles (gray particles in Fig. 2 A) connected by unbreakable springs. Three types of CG particles are introduced to represent the lipid bilayer of the RBC membrane. The red particles in Fig. 2 , A-D, represent clusters of lipid molecules with a diameter of 5 nm, which is approximately equal to the thickness of the lipid bilayer. The blue particles underneath the white particles represent glycophorin proteins, and they are connected to the white particles by unbreakable springs. The green particles signify band-3 proteins, which tether spectrin filaments to the lipid bilayer. The CG particles, which form the lipid bilayer and transmembrane proteins, interact via a pairwise potential similar to the Lennard-Jones potential, except that it depends not only on translational degrees of freedom of the CG particles but also on the rotational degrees of freedom. Actin particles and spectrin filaments interact with lipid bilayer and transmembrane proteins via a Lennard-Jones potential. More details about this applied RBC membrane model and model validation can be found in the Supporting Materials and Methods. To represent the reticulocyte membrane at different stages of maturation, as shown in Fig. 2 C, we vary the end-to-end distance of the spectrin filaments guided by the AFM measurements reported in (15) . In addition, we vary the connectivity between the action junctions and spectrin filaments in the reticulocyte membrane model, representing late synthesis of proteins 4.1 (see Fig. 2 C) . We also vary the vertical connectivity between the actin junctions and glycophorin proteins to represent the late synthesis of glycophorin C.
RESULTS AND DISCUSSION
Extended cytoskeleton enhances the reticulocyte membrane stiffness
Maturing reticulocytes become more deformable as they transition from a wrinkled globular shape to a biconcave shape (9, 10) . In addition to the shape effect, membrane cytoskeleton remodeling may contribute to the increased cell deformability. Considering that the surface area of reticulocytes is larger than that of erythrocytes, whereas the difference in the cytoskeletal proteins between these two groups is little (15, 26) , the cytoskeleton of the reticulocyte membrane could be under tension, leading to increased shear stiffness of the cell membrane. Indeed, imaging of the cytoskeleton from AFM revealed that the spectrin filaments in immature reticulocytes were elongated compared to the mature RBCs. The average l spectrin in the cytoskeleton of the immature reticulocyte membrane was reported to be 17% longer than that of mature RBCs (15) , which confirms our conjecture that spectrin-based meshes are extended in immature reticulocyte membranes compared to mature RBCs.
To further test our hypothesis, we build the membrane model with l spectrin ¼ 75 and 85 nm (see Fig. 2 C) , which are equivalent to 15 and 30% increases of l spectrin in mature erythrocytes, representing the reticulocyte cytoskeleton at different maturation stages. The method of using proportionally varied spectrin length was successfully applied in previous modeling studies of healthy and diseased RBCs (60) . Next, we evaluate the shear moduli of the membranes with varied l spectrin by shearing the membrane up to a shear strain of g ¼ 1 (see Fig. 2 D) . The shear responses to the shear strain are illustrated in Fig. 2 E. When l spectrin ¼ 65 nm, the shear modulus of the membrane is 7.7 mN/m at small deformations, and it is increased to 12.1 mN/m at large deformations, with an average value of 9.9 mN/m. This falls within the previously reported experimental values of 4-12 mN/m (61), but it is larger than the value of 3.7 5 2.3 mN/m measured from the micropipette experiments in this study. This difference could result from the application of 100% connectivity of cytoskeleton in the applied model, whereas the actual structure of the RBC cytoskeleton does not correspond to a perfect hexagon. We will discuss more in the following section regarding the dependence of the shear modulus on cytoskeleton connectivity. When l spectrin is increased to 75 nm, the average shear modulus of the membrane rises to 14.7 mN/m (green line in Fig. 2 E) . At l spectrin ¼ 85 nm, the average shear modulus is further increased to 25.7 mN/m (red line in Fig. 2 E) . Taken together, these results demonstrate that elongated spectrin filaments can elevate the shear modulus of the cell membrane, thus providing a possible explanation for the increased stiffness of reticulocytes.
Weakened cytoskeleton induces reticulocyte membrane instability
Despite increased stiffness, the membrane of reticulocytes is less stable than that of mature erythrocytes (11) . This seemingly paradoxical phenomenon implies that there are different mechanisms in determining the membrane stiffness and stability (45) . The stiffness of the RBC membrane arises primarily from the cytoskeleton, whereas the stability of the membrane depends on the cohesion between the cytoskeleton and the lipid bilayer as well as the integrity of the cytoskeleton. Any dissociations between the lipid bilayer and the cytoskeleton (vertical interaction) or within the cytoskeleton (horizontal interaction) cause the instability of the cell membrane, such as in blood disorders of HS (protein defects in the vertical interactions) and hereditary elliptocytosis (protein defects in the horizontal interactions) (29, 62, 63) . Previous micropipette experiments showed that the amount of energy needed to dissociate the lipid bilayer from the cytoskeleton of immature reticulocytes was twofold smaller than that of the mature RBCs, suggesting that weakened association occurs between the cytoskeleton and lipid bilayer or within the cytoskeleton of the young reticulocytes (27) . In a subsequent study, the specific proteinprotein associations in the membrane of reticulocytes were examined. The results showed that whereas the spectrin proteins of immature reticulocytes are associated to the same extent as the mature RBCs, the spectrin-actin-4.1 junction complexes were vulnerable in immature reticulocytes, hence identifying the source of the membrane instability (26) . This finding supports the prior speculation that the instability of the reticulocyte membrane is induced by the late synthesis and expression of protein 4.1 and glycophorin C during reticulocyte maturation (11) .
In this section, we apply the reticulocyte membrane model to explore the mechanics of the reticulocyte membrane instability. To better describe the instability of reticulocytes, we construct a spherical cell based on the membrane model used in the previous section. As shown in Fig. 3 A, the diameter of the spherical cell is 500 nm, and it contains 150 actin junctions. The weakened association at the spectrin-actin-4.1 junction complexes of the reticulocyte membrane is represented either by randomly reducing the connections between actin junctions and spectrin filaments, mimicking the absence of protein 4.1, or by randomly reducing the connections between the actin junctions and glycophorin proteins, mimicking the weak association of cytoskeleton to lipid bilayer. The equilibrium l spectrin of spectrin filaments is again selected to be 65, 75, and 85 nm, respectively.
First, we examine how the actin-spectrin connectivity (horizontal connectivity) influences the reticulocyte stability. We begin with l spectrin ¼ 85 nm; the horizontal connectivity ðC horizontal Þ is decreased from 100 to 40% at an interval of 10%, whereas the actin-glycophorin connectivity is maintained at 100%. As plotted in Fig. 3 B, the spherical cell with C horizontal ¼ 100% maintains the spherical shape at equilibrium. Based on the measurements from the previous section, the shear modulus of the membrane with l spectrin ¼ 85 nm and C horizontal ¼ 100% is 25.7 mN/m, which is larger than the erythrocyte (3.7 5 2.3 mN/m); thus, we consider that the membrane lies in a ''stiff and stable'' zone. When the C horizontal is decreased to 80%, a bud is formed at the location where the actin-spectrin connections are cut off, as shown in the insets in Fig. 3 C. In normal erythrocytes, the cytoskeleton is under stretch when tethered to the lipid bilayer and therefore exerts a compressive force on the lipid bilayer. This compression force is balanced by the bending resistance of the lipid bilayer (64) . In the case of the reticulocyte membrane, the cytoskeleton is further extended because of the larger membrane surface area, inducing an enhanced compressive force. This compressive force is uniformly applied on the lipid bilayer when the cytoskeleton connectivity is high (e.g., C horizontal ¼ 100 and 90%) but becomes nonuniform as C horizontal is further reduced. As a result, the lipid particles are forced to migrate to the locations where the actin-spectrin connections are removed, leading to detachment of the lipid bilayer from the cytoskeleton and membrane budding (see insets in Fig. 3 C) . As the bud grows, l spectrin reduces (see the red curve in Fig. 3 C) along with the compressive force on the lipid bilayer until it balances with the lipid bilayer bending force. The variation in the spectrin length is consistent with prior numerical (47) and analytic studies (64) , which demonstrated that the spectrin length is shortened as the lipid bilayer is buckled or lost. It is noted from Fig. 2 E that decreased l spectrin leads to reduced shear modulus of the reticulocyte membrane. Considered together, our results illustrate the mechanics of membrane budding and explain the cause of the consequent decreased membrane rigidity during reticulocyte maturation.
Similar membrane-budding processes are observed for C horizontal ¼ 80, 70, 60, and 50% (see Fig. 4 ). The membrane shear moduli for these cases are obtained by shearing the membrane patches with the corresponding l spectrin and C horizontal . They are computed to be 19.0, 16.4, 14.11, and 9.55 mN/m (see Fig. 5 , A and D), which are larger than the shear moduli of mature erythrocytes. Hence, we consider that the membrane with the above connectivities lies in the ''stiff and unstable'' zone. It is noted that when C horizontal ¼ 60 and 50%, the average shear moduli measured from our model fall within the range of the shear modulus measured from the micropipette experiments for reticulocytes (see Fig. 5 D) , implying that they may correspond to the cytoskeleton connectivities of the reticulocytes under the micropipette experiments. As C horizontal is further reduced to 40%, the elasticity of the membrane is largely compromised, and thus, the cytoskeleton cannot force the lipid bilayer to buckle. As a result, no membrane budding occurs. Fig. 5 A shows that when C horizontal ¼ 40%, the corresponding membrane shear modulus at large shear strain is zero because of the disrupted cytoskeleton. Hence, the membrane lies in a zone of ''weakened cytoskeleton,'' meaning that the The vertical connectivity is maintained at 100%. SS (''stiff and stable'') means that the shear modulus of the membrane is larger than that of the erythrocyte membrane, and no budding occurs. SU (''stiff and unstable'') means that the shear modulus of the membrane is larger than that of the erythrocyte membrane, and membrane budding occurs. WC (''weakened cytoskeleton'') means that the shear modulus of the membrane is smaller than that of the erythrocyte membrane because of low cytoskeleton connectivity, and no budding occurs. To see this figure in color, go online. elasticity of the membrane is damaged because of the disrupted cytoskeleton. Reticulocytes at this stage are likely to fragment or release vesicles during their passage of the narrow pathways in the microcirculation.
Subsequently, we reduce the connections between the actin junctions and glycophorin proteins to simulate the effects of phosphorylation of protein 4.1 or insufficient synthesis of glycophorin C in the reticulocyte membrane (26) . The connectivity between actin junctions and glycophorin proteins is reduced from 100 to 0% at an interval of 25%. We find that the weakened association between the actin and glycophorin proteins does not change the obtained results on the instability of the spherical cell in Fig. 4 . It is broadly considered that the spectrin-ankyrin-band-3 tethering sites play a dominant role in maintaining the vertical integrity of the erythrocyte membrane (29, 62, 65) . According to a previous study on the protein-protein association in the reticulocyte membrane, the band-3 tethering sites in immature reticulocytes and mature RBCs exhibited the same level of cohesion (26), thus eliminating the possibility that weakened band-3 tethering sites induce the instability of reticulocytes. Therefore, we conclude that the weak interactions between the actin junctions and spectrin filaments mainly contribute to the membrane instability of the reticulocyte.
Next, we reduce l spectrin to 75 nm, and a similar transition of membrane stability from ''stable and stiff'' through ''unstable and stiff'' to ''weakened cytoskeleton'' is observed as C horizontal is decreased from 100 to 40% (see Fig. 4 ), except that the ''unstable and stiff'' zone is smaller because of less extension of the cytoskeleton. The ''stiff and unstable'' membrane undergoes a similar process of membrane budding, and the l spectrin (the black curve in Fig. 3 C) eventually approaches the l spectrin of erythrocytes (the blue curve in Fig. 3 C) . Fig. 5 D shows that when l spectrin ¼ 75 nm, which is 15% larger than the l spectrin for mature RBCs, the shear moduli measured in a wide range of C horizontal (from 100 to 60%) are consistent with the values of m ¼ 11 5 4.3 mN/m obtained from micropipette experiments (see Fig. 1 E) . This result cross-validates the AFM imaging of the immature reticulocyte membrane cytoskeleton, which illustrated that l spectrin was 17% larger than those of mature RBCs. When l spectrin ¼ 65 nm, the ''unstable and stiff'' zone only appears at C horizontal ¼ 60%, indicating that when the cytoskeleton is less stretched, such as in the mature erythrocytes, the cell membrane becomes more stable. As the C horizontal is reduced from 100 to 60%, the shear moduli fall from 9.9 to 5.4 mN/m, which is comparable with the value of 3.7 5 2.3 mN/m measured from micropipette experiments. When C horizontal ¼ 50 and 40%, the cytoskeleton becomes disrupted at large shear strain, and membrane falls into the ''weakened cytoskeleton'' zone, as illustrated in Fig. 4 .
Considered together, our simulations elucidate the process of stiffness and stability changes during reticulocyte maturation. Also, we conclude that the extended cytoskeleton network in the reticulocytes along with the weakened actin junction complexes contributes to the seemingly paradoxical phenomenon that the reticulocytes are stiffer but less stable than the mature erythrocytes. It is noted that all the above simulations are performed without considering the environmental effects, such as cells passing through capillaries or the interendothelial slits in the spleen, where they may undergo drastic deformations. In our simulations, the detachment of the lipid bilayer is caused by the interaction between the lipid bilayer and cytoskeleton alone. External disturbances definitely could exacerbate the instability of the cell membrane and induce more pronounced membrane budding and vesiculation. For example, although RBCs with membranes in the ''weakened cytoskeleton'' zone do not bud spontaneously, they are more likely to shed vesicles or rupture when under significant external stress because of the compromised cell elasticity.
Membrane budding, a second mechanism of shedding plasma membrane Recently, membrane budding was proposed as a second mechanism of shedding plasma membrane after reticulocytes are released to peripheral circulation (16) . Examination of the released vesicles revealed the presence of glycophorin A and other integral membrane proteins, such as band-3 and GLUT 1, and the absence of the cytoskeletal proteins, like spectrin, ankyrin, and actin. This finding implies that these released vesicles were derived from regions where the lipid bilayer was not supported by the cytoskeleton (16) . However, it is not clear whether this membrane budding is part of the continuous process of exocytosis or whether it occurs independently because of the instability of the reticulocytes. Our simulations show that membrane budding can be induced by the weakened association at the spectrin-actin-4.1 junction complexes, thereby demonstrating that membrane budding can be an independent process for reticulocytes. In particular, the membrane budding is initiated from the region where the cytoskeleton is disrupted, confirming the hypothesis that the vesicles released from reticulocytes were derived from the membrane surface area that is free of cytoskeleton (16) . However, it does not exclude the possibility that the membrane-budding regions originated from fusing the cell membrane with multivesicular bodies, as a final step of the exocytosis process. Either way, shedding membrane from the region where the cohesion between lipid bilayer and cytoskeleton is low could serve as a means of removing the redundant surface area from reticulocytes, thereby optimizing the interaction between the lipid bilayer and cytoskeleton (16) .
HS RBCs begin shedding membrane at the reticulocyte stage
In HS, defects occur in the RBC membrane proteins that account for the vertical linkages between the cytoskeleton and the lipid bilayer, such as ankyrin, protein 4.2, band-3, and spectrin (29, 62, 66) . These protein defects weaken the vertical cohesion between the cytoskeleton and the lipid bilayer in RBCs, causing surface area loss through releasing vesicles. HS RBCs with reduced surface area transform progressively from a biconcave shape to a near-spherical shape. The spherical RBCs are less deformable and thus are removed by the spleen prematurely. It is broadly considered that HS RBCs shed surface area predominantly during their sojourn in circulation. However, a prior experimental study discovered that loss of surface area by HS RBCs begins at the reticulocyte stage (10) , contradicting the prevailing hypothesis. Here, we introduce defective band-3 proteins into the spherical cell model by breaking the connections between band-3 particles and spectrin filaments (vertical connectivity), and we examine how the weakened spectrin-ankyrin-band-3 tethering sites affect the membrane stability. We reduce the vertical connectivity (C vertical ) from 100 to 0% at an interval of 25% while C horizontal is maintained at 100% to examine the effect of vertical interactions on membrane stability exclusively. At l spectrin ¼ 85 nm, lipid bilayer detachment and membrane budding are observed when C vertical is decreased to 50% (see Fig. 6 ), indicating that reducing the vertical connection can aggravate the membrane instability. As l spectrin is reduced to 75 nm, membrane budding only occurs when C vertical ¼ 0% (see Fig. 6 ). In the case of l spectrin ¼ 65 nm, the cell membrane remains stable for all values of C vertical . The above simulations illustrate that reducing the cohesion between the cytoskeleton and the lipid bilayer, such as in HS, promotes the membrane budding and therefore the consequent vesiculation from the reticulocyte membrane (l spectrin ¼ 75 and 85 nm). These results indicate that reticulocytes are more likely to form buds than mature erythrocytes when the vertical cohesion of the membrane is weak, thereby explaining the previous experimental finding that HS RBCs started shedding membrane more aggressively at the reticulocyte stage (10) . Again, we would like to emphasize that the budding of the lipid bilayer in this simulation is induced by the interactions between lipid bilayer and cytoskeleton only. When l spectrin ¼ 75 nm and C vertical is low, although detachment between the lipid bilayer and cytoskeleton was not observed from our simulations, it is likely to be stimulated when HS reticulocytes are under external stresses or disturbances.
CONCLUSIONS
In this work, we develop a CGMD reticulocyte membrane model to investigate how the structural changes in FIGURE 6 A phase diagram showing the dependence of membrane instability on the l spectrin and the vertical connectivity between band-3 protein and spectrin filaments. The horizontal connectivity is maintained at 100%. The definitions of SS and SU are the same as in Fig. 4 . To see this figure in color, go online. cytoskeleton alter the stiffness and stability of reticulocytes. Our simulation results demonstrate that the extended cytoskeleton network in the reticulocytes along with the weakened association at actin junction complexes contributes to the experimental finding that reticulocytes are stiffer but less stable than mature erythrocytes. We also find that budding of the reticulocyte membrane can be induced by reducing the cytoskeleton connectivity, which confirms a previous hypothesis that membrane budding can occur independently in reticulocytes and thus serve as a second mechanism of shedding plasma membrane as reticulocytes mature. Earlier in the manuscript, we demonstrated that the weakened cohesion between the lipid bilayer and the cytoskeleton promotes membrane budding in HS, which explains why the HS RBCs may lose surface membrane at the reticulocyte stage.
Our studies on the reticulocyte membrane also shed light on understanding why P. vivax and P. falciparum prefer invading young reticulocytes from a biomechanical perspective. The infection of RBCs by malaria has been a topic of extensive research, but the cell age preference of the parasites is assumed to predominantly rely on the presence of particular ligands at the apical ends of the invasive merozoites and the corresponding receptors on the host cell membrane (67) (68) (69) . The role of the particular biomechanical properties of reticulocytes in the malaria invasion has never been considered. Merozoites invade erythrocytes by inducing rapid and localized membrane invagination, followed by tight junction formation, fusion of the rhoptries with the erythrocyte membrane, and final fission to close the erythrocyte and vacuolar membranes (70) . As the function of the cytoskeleton is to maintain the integrity of membrane, an intact and dense cytoskeleton is likely to work as a more effective physical barrier to prohibit the merozoite invasion. However, the weakened association at the actin junction complexes in the reticulocyte membrane can compromise the resistance of the membrane to the parasites. In addition, the instability of the reticulocytes could facilitate the membrane invagination. Therefore, we hypothesize that the two characteristics of the reticulocyte membrane that we discovered in this work (extended cytoskeleton and reduced cytoskeleton connectivity) are at least partially ascribed to the fact that P. vivax and P. falciparum favor reticulocytes for invasion.
To the best of our knowledge, the CGMD reticulocyte membrane model that we present here is the first of its kind. It is developed on the basis of the currently available experimental data on the cytoskeleton structure of reticulocytes as well as the protein expression and association in the reticulocyte membrane (15, 26) . However, this model is constructed under several assumptions, and hence, it has limitations. For example, the AFM imaging showed that the average l spectrin in the cytoskeletons of immature and mature erythrocyte membranes were 41 and 48 nm (15), respectively. These values are substantially shorter than the consensus values of 65-70 nm that we used to construct our model (71) (72) (73) (74) (75) . This discrepancy may arise from particular techniques applied in AFM imaging (76, 77) , but overall, the AFM measurements confirm our conjecture that a spectrin-based network is extended in immature reticulocyte membranes. Thus, we increased l spectrin in our model proportionally following the data reported in the AFM measurements to represent the reticulocytes at different maturation stages. Moreover, in our model, we did not consider the metabolic activity that could contribute to the dynamic remodeling of the reticulocyte cytoskeleton, which, in turn, could play a role in determining the biomechanical properties of reticulocytes during their maturation. Our results on the instability of reticulocytes and membrane budding, presented collectively as the phase diagrams in Figs. 4 and 6 , are based on the aforementioned assumptions and analysis of the mechanics of the lipid bilayer and cytoskeleton. Therefore, our findings require further experimental cross-validation and refinement, and we hope that these simulation-based phase diagrams can potentially stimulate and steer new experiments in this area. Multimodality data from future experiments also can be used to further improve our model. 
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